Introduction
The development of iron-based photofunctional complexes can provide a cost effective and environmentally benign path towards large-scale solar energy applications. A central challenge in developing light harvesting complexes with 3d transition metals is their weak ligand eld splitting (LFS) compared to their 4d or 5d counterparts. Due to the weak LFS of 3d transition metal complexes, their photoactive metal-toligand charge-transfer (MLCT) excited states are efficiently deactivated by lower energy metal-centered high-spin (MC) states. For example, the MLCT states of a prototypical Fe II polypyridyl complex relax to a quintet metal centered ( 5 MC) state on the hundred femtosecond time scale, 1-13 whereas the MLCT lifetime of their Ru II polypyridyl analogs are measured in hundreds of nanoseconds.
14 Efforts in understanding and controlling the photocycle of Fe II complexes have spurred intensive studies of ultrafast MLCT / 5 MC deactivation, known as light induced spin crossover (SCO). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 15 Additionally, the SCO phenomenon could potentially be used in novel memory devices, [16] [17] [18] [19] [20] [21] which have prompted studies of the properties of the 5 MC state and recovery to the singlet ground state (GS).
22-40
In spite of the inherent challenges in utilizing Fe photosensitizers, recent developments of Fe complexes based on N-heterocyclic carbene 41 (NHC) and CN À ligands 42 have provided MLCT lifetimes on the order of tens of picoseconds. These systems have been developed towards efficient electron injection into TiO 2 electrodes, 43 and they have been extended towards photoluminescence in the Fe III oxidation state.
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Density functional theory (DFT) calculations have shown that the improved performance of the Fe-NHC systems is due to increased electron density on the metal provided by strong sdonating NHC ligands which effectively destabilize the unwanted MC states. 45, 46 This results in inhibiting the MLCT deactivation and bypassing the 5 MC state in the excite state cascade similarly to chemically akin Ru II based sensitizers. 45, 46 A different chemical approach was recently introduced with highly strained halogenated polypyridyls which utilize the quintet GS. 47, 48 Here, the structural restrictions from the halogen atoms placed on the ligand side groups increase the energy of the 3 MC state, as well as the crossing barrier between the MLCT and 3 MC states, which results in MLCT lifetimes as long as 17.4 ps. 48 The rich photophysics of all these novel systems, compared to the traditional polypyridyl-based Fe II SCO complexes, calls for a better understanding how different electronic and structural factors affect the MLCT deactivation cascade. Specically, a thorough examination of the excited state potential surfaces, i.e. characterization of molecular geometries and energies in the various states with both theory and experiments, will help to nd the connection between structure and function in these systems. 2+ is on the order of hundreds of picoseconds, the properties of this state can be rmly characterized by a synchrotron-based time-resolved experiment taking advantage of the high stability and energy tunability of the X-ray source. The latter provides an opportunity of using high energy X-rays allowing the measurement of scattering patterns up to high scattering vectors q T 10Å À1 , a great advantage for the renement of the excited state structures. TRWAXS is also highly sensitive to the time dependent thermodynamic response of the solvent, 59 which, as we demonstrate in this work, can be used to determine the energy of the excited states. In parallel with the TRWAXS measurements, we perform extensive DFT calculations to support the experimental ndings regarding the structure and energy. By comparing the DFT results obtained using different functionals with the experimental data, we identify the ones providing the best agreement with the data in order to improve future theoretical predictions. This detailed combination of computational and experimental characterization deepens our understanding of the NHC family of compounds.
Experimental
The TRWAXS measurements were performed on beamline ID09 at the European Synchrotron Radiation Facility (ESRF, Grenoble). The experimental setup is described in the literature, 64 whereas the specic details of the present study are summarized in the ESI. † All scattering patterns were measured with the FReLoN area detector, 65 azimuthally integrated and reduced to difference scattering curves DS(q,t) (with t being the time delay between the laser and X-ray pulses, q ¼ (4p/l)sin(2q/2) with l and 2q being the X-ray wavelength and the scattering angle respectively) according to standard procedures. 66, 67 To follow the structural dynamics of [Fe(btbip) 2 ] 2+ in a 9 mM MeCN solution, the data was collected in two separate runs using different X-ray energies, 25.2 keV and 18 keV. By using a multilayer monochromator, the X-ray energy bandwidth of the undulator harmonics were reduced to 1.55% and 1.9% for the 25.2 keV and 18 keV runs respectively, which greatly enhances the structural sensitivity compared to the conventional raw undulator pink beam measurements while maintaining high Xray ux. 67 Note that using high energy X-rays gives access to a wider range of scattering vectors q, allowing for a more precise structural analysis. 68 The higher X-ray ux and detector efficiency at 18 keV made the 18 keV measurements four times faster per time delay than at 25.2 keV. The 18 keV dataset was therefore acquired with more laser/X-ray time delays to better resolve the excited state kinetics of the molecule. By contrast, the 25.2 keV run was done with only one time delay, 150 ps, in order to obtain the best possible structural renement of the MC state.
The interpretation of the TRWAXS data was conducted according to the established framework, 69 where the experimental curves are tted with theoretical signals from three contributions: the changes in the solute structure, solvation shell rearrangements (also referred to as the cage term) and the changes in the bulk solvent structure as a result of (adiabatic) heating. We note that the inclusion of the density change component in the solvent response did not improve the ts in the time range 0-400 ps (see ESI †) unlike in recent work on aqueous solutions of similar Fe II complexes. 29, 70 The analysis is based on structural models of the complex and the surrounding solvation shell (cage term) which were calculated by DFT and classical molecular dynamics (MD) simulations, respectively. The difference signal for the bulk solvent temperature increase was measured according to the standard procedure using azobenzene molecules. 71 The details of the analysis and the theoretical calculations are described in the ESI. †
Results and discussion
Since the MLCT state of [Fe(btbip) 2 ] 2+ has been shown to decay on the 300 fs time scale, the relevant states for 100 ps timeresolved experiments are the GS, 3 which is known to give good structural results for Fe-NHC complexes. 45, 46 2+ is non-trivial due to its many degrees of freedom and the (near) similar scattering power of the Fe/C and Fe/N atom pairs that dominate the signal in the high-q range. An individual renement of all pairs of interatomic distances would signicantly exceed the maximal number of parameters that can reliably be inferred from the TRWAXS signal. 67,68 Thus, we have developed a model where the key interatomic distances are used to dene the structure of the rest of the molecule. By varying these parameters and from those determine the resulting changes to the rest of the structure, one can rene the overall molecular structure within the framework of the proposed structural model. The key is that the parameters chosen need to dene the relevant reaction coordinates associated with the structural dynamics.
Previous work on Fe II SCO complexes have established that the structural changes induced by the transition from the GS to 5 MC are well described by parameterizing the global structure through parameters that dene the shape of the rst Fe coordination shell, including metal-ligand bond lengths, ligand bite angles and ligand rocking angles, as the reaction coordinates. b Calculated using PBE0/6-311G(d,p)/PCM(MeCN). The standard deviation of the calculated bond lengths was found to be 0.001Å.
c From crystallographic data in ref. 49 .
d Marks I and II correspond to the ligand numbering. reaction coordinates. [26] [27] [28] [29] In recent TRWAXS measurements on [Co(terpy) 2 ] 2+ , the excited state renement was done using the axial bond length as the tting parameter while maintaining the ratio between the axial and equatorial bond length constant.
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Since there is redundancy in any chosen set of coordinates, as they are interrelated (e.g. changing bond angles oen results in changes to metal-ligand bond lengths), we have chosen the fewest coordinates possible that describe the fully relaxed minima to avoid overtting. In the case of [Fe(btbip) 2 ] 2+ we choose the axial bond length R ax and the equatorial one R eqwhich combined dene the bending angle of the ligand -as the two independent reaction coordinates. This choice is based on the sensitivity of TRWAXS: the largest contribution to the high-q signal is from the Fe-N Py and Fe-C NHC pairs which makes them the natural parameters in the tting procedure. To map the overall atomic positions characterized by the selected structural parameters, we have implemented a procedure based on the interpolation between the structures produced by varying the values of R ax and R eq and performing constrained DFT for each (R ax , R eq ) point. Details of the DFT calculations and the associated structural tting procedure are summarized in the ESI. MC structure and the experimentally tted structure validates the DFT method (PBE0/6-311G(d,p)/ PCM(MeCN)) to predict excited state structures in (quasi) equilibrium. Note that our renement procedure allows for an experimental determination of the global molecular structure as a function of two bond distances rather than the renement of these two distances alone. Moreover, the method employed here can be used for the renement of many organometallic complexes which do not contain pairs of heavy atoms. While the latter has been traditionally seen as a necessary condition for the structural renement using TRWAXS, 87- . Here we used the global t approach, 66,69 which ties the reaction kinetics to the hydrodynamic state of the liquid via the conservation of mass and energy (see ESI † for details). Fig. 4a shows a comparison of the tted theoretical and experimental DS(q,t) curves for a subset of time points. For all time points we nd a very good agreement between the experimental data and the model t. This is also the case when comparing the global t of the excited state fraction g(t) and the solvent temperature DT(t) to the values obtained from ts of the individual time points (Fig. 4b  and c) . obtained from optical spectroscopy. 49 The temperature increase of the bulk solvent is tied to the solute excited state population dynamics, with a prompt increase followed by further growth on the 260 ps time scale. The sharp temperature rise appears around time zero and is partly due to fast relaxation from the MLCT to 5 MC (perhaps through a short lived 3 MC intermediate
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) and the associated redistribution of most of the photon energy into the solvent. A fraction of the initial solvent temperature increase could not be attributed to the relaxation of the excited molecules as discussed further below. Aer 100 ps the temperature grows due to the release of the 5 MC state energy following its decay to the GS. The three contributions to the temperature dynamics are shown in Fig. 4c . Aer thermal relaxation of the excited species we observe a temperature rise of 0.94 K. Considering the initial excitation fraction, 35%, and the amount of energy dissipated into the solvent from photon absorption, we expect a 0.64 K temperature rise. The difference, 0.3 K, comes from an unknown source. Considering the relatively low laser uence (0.052 J cm À2 ) and the relatively long laser pulse, 1.2 ps (FWHM), we can exclude 5 MC state was found to depend signicantly on the choice of functional, with the B3LYP* energy of 0.72 eV in signicantly better agreement with the experimental result compared to the PBE0 energy of 0.14 eV. At the same time, DFT optimizations using these two functionals were found to give very similar geometries for the structure of the 5 , from the initial photoexcitation to ground state recombination, is presented in Fig. 5 . The experimentally determined values for the bond lengths and the energy levels are summarized in 54, 55 Overall, this work suggests that a characterization of the full deactivation cascade in other complexes with few-100 ps and faster GS recovery is necessary to fully characterize the rich and non-trivial photophysics of Fe complexes.
More generally this work illustrates how TRWAXS on a photosensitive molecule in solution provides information not only on the transient structures, but also on the energies of short-lived excited species, which is traditionally a difficult task since most experiments are either tailored towards structure or energy sensitivity. The renement procedure aided by DFT calculations used in this work will further expand the classes of systems for which TRWAXS can provide experimental determination of short-lived excited state structures, beyond systems with heavy atom pairs. We note that a key enabling factor in the direct identication of the 5 MC state and in the high precision structural renement is the availability of high-quality quasimonochromatic TRWAXS data up to large scattering vectors, q max ¼ 11.5Å À1 . Moreover, TRWAXS can uniquely provide information about excited state energies by direct assessment of the amount of energy disposed into the solvent during excited state relaxation. Such information cannot be readily retrieved for MC states with optical methods, such as absorption or uorescence spectroscopy due to the formally dipole-forbidden nature of the optical transitions between the GS and MC states which drastically reduces the interaction cross-section and, more importantly, because the relaxed MC states are geometrically inaccessible from vertical light excitations (Fig. 5) . While the DE value obtained in this work is subject to some uncertainty, coupled with the advanced structural analysis, it provides an important stepping-stone for much more comprehensive explorations of excited state potential energy surfaces. Further improvements of the experimental setup in terms of stability and signal-to-noise should help in increasing the precision of the extracted energies. Additionally, careful investigation of the power, concentration and pump wavelength effects should make the quantication of DE more robust. Improvements in the cage modelling will also impact the accuracy of the energetic parameters since both solvation and solvent contributions are present primarily in the low-q region of the difference signal. The experimental quantication of the energy and structure of the short-lived 5 complexes will be able to capture the effect of the ligand structure on the kinetic, structural, and energetic aspects of charge transfer and spin transitions in this class of systems allowing for more detailed investigations of the role of the excited MC states in the MLCT deactivation process. This combined progress in experimental and theoretical capabilities will benet not only the search for perspective earth-abundant photosensitizers, but also the advancement in the understanding of SCO compounds for future opto-magnetic materials.
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